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Abstract

The physical characteristics of asteroid surfaces are best defined by direct measurements, few of which currently exist. Thus,
inferences from indirect observations must be made. From the limited visible and radar imagery heavy cratering marks the asteroid
surfaces and the surfaces are rough at all scales. For those asteroids with both a size and mass determination, only the largest bodies
have bulk densities close to those expected from their meteoritic analogs. The smaller asteroids have large-scale porosities of 20%
and greater; the objects with highest macroporosity are likely to be rubble piles while the denser ones may be heavily fractured
coherent objects. The regoliths on the larger asteroids appear to be at least centimeters deep, while infrared measurements on the
smaller objects argue for either a much thinner regolith or a bare surface; although direct imagery on the modest sized near-Earth
asteroid 433 Eros indicates a regolith that is meters deep. Visual and infrared spectra clearly show that the silicates olivine and
pyroxene are present on many asteroids and indicate the spectral signature of hydrated minerals in several low Albedo asteroids.
Disk integrated photometry and radiometry provide clues as to the surface porosity and roughness and the fraction of surface
covered by craters. Microwave, radio and radar measurements can penetrate the surface regolith, yielding information on the
particle size distribution, and the nature of the underlying material. Modeling of the radiative transfer within the surface and deeper
layers of an asteroid is required to accurately interpret these disk integrated measurements in terms of realistic physical parameters.
Although the modeling has become sophisticated, additional components as well as more extensive and accurate measurements are
required to derive an unambiguous picture of the asteroid surface layers from the indirect observations.
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rl 1. Introduction The classical scenario of the generation of asteroid
? morphology is one in which the asteroid is fractured or
4 The surface properties of an asteroid consist of its disrupted by collisions with other asteroids during the

geometric structure and the physical and mineralogical
characteristics of the surface layer. The overall shape,
the degree of cratering and other large-scale features
such as grooves and ridges characterize the surface ge-
ometry. The surface layer or regolith is defined in the
glossary of Asteroids II as “the layer of fragmentary
incoherent rocky debris that nearly everywhere forms
the surface terrain”. This definition can be expanded to
include the chemical/mineral composition of the surface
material and the physical characteristics of the surface
layer itself.
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lifetime of the solar system. The result is a core of
fractured rock or, if the impact is energetic enough, the
body is disrupted and the large pieces are reassembled
into a rubble pile. The debris from such an event, and
subsequent impacts with smaller objects that crater the
surface, is segregated by size (mass) according to whe-
ther or not the particles’ speed exceed the escape ve-
locity. The coarser material, with ejection speeds less
than the escape velocity, will settle back onto the surface
while the smaller debris escapes the weak gravity of the
asteroid. The result is a regolith that is nominally
composed of coarser material on the larger asteroids.
The smaller asteroids, those with the weakest gravity,
will have little or no regolith from such impacts. Further
impacts by small meteorites will create small holes and
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turn over the surface material in a process called “gar-
dening”. Interaction with the solar wind and energetic
radiation from the sun darkens and reddens the surface
material.

Obviously, resolved images contain the most infor-
mation on surface properties but, unfortunately, such
observations have been obtained for only a small num-
ber of small solar system objects. Very coarse, disk re-
solved images were taken by the Hubble telescope of 4
Vesta (Zellner et al., 1997) and 1 Ceres (Parker et al.,
2002); the Galileo spacecraft obtained moderate reso-
lution images of Gaspra (Veverka et al., 1994), Ida and
Dactyl (Belton et al., 1995); the near Earth asteroid
rendezvous (NEAR)/Shoemaker spacecraft imaged
Mathilde and extensively mapped the surface of Eros at
high resolution; recently, Stardust coarsely imaged
Annefrank. Comet Halley was imaged by Giotto (Keller
et al., 1986) and Borrelly by deep space I (Soderblom
et al., 2002).

Bulk mineral composition of asteroid surfaces may be
inferred by matching high quality reflection and emis-
sion spectra with laboratory analogs. The analogs are
candidate minerals found on the Earth, such as olivine
or pyroxene and agglomerates in meteoritic or lunar
samples. Burbine et al. (2002) estimate that 100-150
distinct parent object have contributed to the meteorite
collection on Earth. Various types of meteorites have
been associated with asteroid taxonomic classes (see
Lipschultz et al., 1989 for a review) and specific aster-
oids have been suggested as the parent bodies for certain
types of meteorites based on spectral and dynamic
considerations (Gaffey, 2000). Most associations are
suggestive but few are more definitive. A plausible as-
sociation has been made between 4 Vesta and the Ho-
wardites, Eucrites and Diogenites (HED) Basaltic
Achondrite meteorites (Binzel and Xu, 1993). Reason-
able associations have been made between 3103 Eger
plus the Hungaria group and the Aubrite/Eststatite
Achondrites (Gaffey et al., 1992) and 6 Hebe with H-
chrondrites (Gaffey, 2000). Meteorites are good analogs
if measured under conditions that mimic those on the
surface of an asteroid such as a powder under a vacuum
and at the appropriate temperature. Gaffey et al. (2002)
review the current state of associating meteoroids with
specific parent asteroids.

The physical parameters of the particles on the sur-
face may be inferred from visual photometry and optical
polarimetry as a function of solar phase angle. The en-
hancement in visual brightness at opposition is sensitive
to the microporosity of the surface while the variation of
the visual brightness at large phase angles is indicative of
surface roughness (Helfenstein and Veverka, 1989). The
particle size distribution may also be deduced from
optical polarimetry (Dollfus et al., 1989) while polari-
zation at cm wavelength adds information on the depth
of the particles and the density of the underlying mate-

rial (Webster and Johnston, 1989). Thermal modeling of
the infrared emission provides clues to the roughness,
degree of cratering and thermal inertia of the surface.

2. Resolved imagery

Optical images taken from spacecraft are available
for six asteroids (Ida, Dactyl, Gaspra, Mathilde, Eros
and Annefrank) and two comets (Halley and Borrelly)
with sufficient resolution to reveal some of the surface
details. Some aspects of comet Borrelly are commented
upon as they may possibly relate to transition objects;
Bottke et al. (2002) did estimate that 6 4= 4% of the near
Earth objects are extinct comets. The imagery of comet
Halley is dominated by the dust and gas emission and is
not included in this discussion. At least one issue of a
scientific journal has been devoted to the observations
and analysis for four of these asteroids and the reader is
referred to these journals for details. They are: Gaspra —
Icarus, #1, 107, 1994; Ida — Icarus #1, 120, 1996; Ma-
thilde — Icarus #1 140, 1999; Eros — Meteoritics &
Planetary Science, # 12, 36, 2001 and Icarus #1, 155,
2002. In summary:

951 Gaspra: The Galileo spacecraft imaged the as-
teroid 951 Gaspra during a flyby on 29 October 1991.
Gaspra is an S-type asteroid with triaxial dimensions of
18.2 x 10.5 x 8.9 km and an average albedo of 0.23. The
cratering density on the surface is relatively low
(Chapman et al., 1993) with an absence of intermediate
to large craters. The surface is grooved with linear de-
pressions and aligned pits. Thomas et al. (1994) con-
cluded that Gaspra is a single coherent object from the
continuity of these features over the length of the as-
teroid. Thomas et al. (1994) further suggested that the
grooves are fractures, which have been filled in by sev-
eral 10s of meters of regolith, although Chapman et al.
(1993) surmised that a much thinner regolith might exist
or even that the asteroid surface is bare. The surface is
variegated with the brighter spots tending to correspond
to craters (Belton et al., 1992). Spectroscopy from the
instruments on board Galileo reported by Kelly et al.
(2000) indicate an olivine rich surface with a high olivine
to pyroxene ratio over the entire asteroid.

243 Ida: The Galileo spacecraft imaged 243 Ida, an S-
type Kronis family asteroid, during a flyby on 28 August
1993. Ida is an irregular elongated object with triaxial
dimensions of 59.8 x 25.4 x 18.6 km. Chapman (1996)
attributed the color variations observed on Ida to the
exposure of lighter fresh subsurface material contrasted
with the older, space weathered surface material. Ida is
the first asteroid to be positively identified as having a
satellite moon, Dactyl, the motions of which were used
to derive a bulk density of 2.5 g/cm? (Belton et al., 1996).
Dactyl is 1.6 x 1.4 x 1.2 km in size and has a reflection
spectrum somewhat different than, but similar to Ida
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(Belton et al., 1996). Linear features are evident on Ida’s
surface as well as subtle variations in color. The relief
appears to be smooth, however, the surface is heavily
cratered. Analysis by Granahan (2001) indicates that
the mineralogy varies over Ida’s surface but that, in
general, olivine is about three times more abundant than
orthopyroxene.

253 Mathilde: The NEAR/Shoemaker spacecraft im-
aged the asteroid 253 Mathilde during a flyby on 27
June 1997. Mathilde was found to be a heavily cratered
C-type asteroid with an albedo of 0.045 and a low mean
density of 1.3 gm/cm® (Ververka et al., 1994). The tri-
axial dimensions are 66 x 48 x 46 km. Four of the cra-
ters are comparable to or greater than the 27 km mean
radius of the asteroid and the density of smaller craters
is close to saturation (Chapman et al., 1998). The lack of
impact ejecta noted by Cheng and Barnouin-Jha (1999)
can be explained by oblique impacts in which most of
the ejecta escapes (Asphaug, 2000). The large craters,
lack of ejecta debris and the low bulk density implies
that Mathilde is highly porous, either it is a rubble pile
with large internal voids or is composed of small sized
material that has a high degree of porosity.

433 Eros: Eros was the rendezvous target for the
NEAR/Shoemaker spacecraft and was extensively ob-
served at high spatial resolution. Eros is an irregularly
shaped S-type asteroid and, with physical dimensions of
34.4 x 11.2 x 11.2 km, is one of the largest Near Earth
Asteroids. It is a primitive, undifferentiated and con-
solidated body as indicated by the continuity of the
ridges, grooves and other surface features. Eros has bulk
density is 2.67 g/em?® and a bulk porosity of 25-29%
(Britt et al., 2001). The regolith is complex and frag-
mented with a range of sizes from blocks, or boulders, as
large as 100 m to small particles that form sedimentary
deposits (Robinson et al., 2002). The depth of the Eros
regolith varies from a meter to several tens of meters
(Robinson et al., 2002; Kiippers, 2001).

4 Vesta: The disk of asteroid 4 Vesta was resolved by
the Wide Field/Planetary Camera (WF/PC) on the
Hubble Space Telescope. Vesta is the prototype for the
asteroid taxonomic class, V. Thomas et al. (1997) derive
a size of 289 x 280 x 229 km from unaberrated images
with the WFPC2 camera and a mean density of 3.8
g/cm?. Binzel et al. (1997) inferred the geological com-
position of the surface from the multi-filter images and
determined that the surface is variegated, which they
interpret as due to impact cratering. Thomas et al.
(1997) proposed that the images are consistent with a
very large crater at the south pole of rotation some 460
km in diameter with a large central peak and a rim that
extends halfway to the equator. The albedo effects of
the variegated surface and flattening of the biaxial el-
lipsoid owing to the polar crater were anticipated by
Cellino et al. (1987) based on photometry from multiple
apparitions.

19P/Borrelly: Comet 19/Borrelly is a short period
Jupiter family comet that was imaged by the Deep
Space 1 spacecraft during a flyby on 21 September
2001. It is shaped like a bowling pin some § km in
length from the aspect that it was imaged during the
flyby. The nucleus is very dark with a geometric albedo
in the range of 0.01-0.035 and an average Bond albedo
of 0.006 (Soderblom et al., 2002). The nucleus is var-
iegated and loosely divided into rough and smooth
terrains with no indications of fresh impact craters.
The morphology also includes dark spots and mesas
with ridges and fractures. Analysis of the DS-1 near
infrared spectra by Soderblom et al. (2002) indicates a
hot, dry surface with relatively little activity; < 10% of
the surface is sublimating.

The Goldstone and Arecibo radars were used to ob-
tain somewhat less direct, that is model dependent, as-
teroid imagery; the review by Ostro et al. (2002)
describes the measurement techniques, how the obser-
vations are converted into images and results for some
of the interesting objects. To date radar observations on
76 Main-belt asteroids and 109 near-Earth asteroids
have been made, with enough information on about 10
or so to produce disk resolved images. A current tally of
asteroids that have been measured by radar, and refer-
ences to the imaging procedures and results may be
found on the NASA/JPL web site: http: //echo Jpl.
nasa.gov/asteroids/index.html.

In summary, optical and radar images show that,
asteroids have suffered large impacts, as evidenced by
their highly irregular shape and/or extensive cratering.
The S-type asteroids appear to be coherent objects with
continuity in surface features such as grooves, ridges
and alignment of pits. All the asteroids seem to have
retained an appreciable amount of regolith, the thick-
ness of which varies over the surface. Britt and Con-
solmagno (2001) compared the bulk densities estimated
for the above asteroids with those of about a half dozen
more that were derived from the motion of satellites or
planetary/asteroid gravitational interactions. A fair
amount of bulk porosity for all but the largest of the
asteroids is indicated. Finally, the visual and infrared
instruments on board the various spacecraft have un-
ambiguously detected the signatures of pyroxenes and
olivine on some asteroids.

3. Characteristics inferred from reflected light -

Theoretically, the texture of the surface may be in-
ferred from the manner in which the visual brightness
and polarization change with solar phase angle. The
mineral composition of the surface may be deduced
from the reflected spectra, The general shape of the re-
flected spectral energy distributions has been used to
sort the asteroid population into a taxonomic classifi-
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cation from which inferences have been made about
their surface mineralogy.

3.1. Photometry and phase function

This section summarizes information in the chapters
by Bowell et al. (1989), Helfenstein and Veverka (1989)
and Dollfus et al. (1989) in the Asteroids II book (see
Muinonen et al., 2002 for an updated review). The ob-
served change in disk integrated brightness as a function
of angle between the Sun — asteroid — Earth (the solar
phase function) can be modeled in terms of the optical
properties of the particles on the surface, by the manner
in which the individual particles scatter light (particle
phase function) and how the light is scattered between
the particles on the surface. These are the principal an-
alytic components of the models, which include the
parametric representations of the roughness and po-
rosity of the surface. Theoretically, observing over large
enough angles provides the requisite information on the
phase function to infer the surface properties of the as-
teroid. Disk integrated phase curves exist for a number
of asteroids and some general inferences can be made
such as a porous surface produces a large opposition
enhancement, or opposition surge. Also, it is generally
the case that the model parameters derived from the
phase curves are similar for asteroids in a given taxo-
nomic class, which implies that asteroids in a given
taxonomic class have similar surface characteristics.
However, the physical characteristics of the surfaces are
not well constrained by the observations for several
reasons. One is that the maximum phase angle of Main-
belt asteroids is limited to <30° and observations over a
large phase angle is required to infer something about
the surface roughness. Another is that photometry over
several apparitions, which is generally not available, is
required to obtain the detailed knowledge of the non-
spherical shape of the asteroid that is necessary to derive
an accurate phase curve (Kaasalainen et al.,, 2002;
Muinonen et al., 2002). Finally, the models are not
unique and the model parameters are coupled. The IAU
standard phase function (Bowell et al, 1989),
o(a) = (1 — G)@i (o) + GP;(ar), well reproduces the ob-
served phase curves for most asteroids but has only one
free parameter, G, the slope parameter. @, and @, are
analytic representations of the single particle scattering,
scattering among particles and surface roughness. A
non-linear least square solution is used to determine the
physical surface parameters such as the asymmetric
constant for the individual particle scattering and the
volume density. All the parameters in these expressions
are thus fixed and, to first order, the contributions from
the various surface properties to the reflected disk inte-
grated brightness as a function phase of an asteroid are
combined into a single slope parameter. It is the second
order departures from this expression that contain

additional information. Muinonen et al. (2002) pointed
out that this simple function also fails to fit the narrow
opposition enhancement of E-class asteroids and is a
poor fit to specific dark asteroids.

Measuring the disk integrated polarization of the
reflected sunlight as a function of phase angle provides
information on the surface texture of the asteroid. The
particle size distributions may be inferred from polari-
zation curves. For example, such curves indicate that the
smaller asteroids are covered with coarse particles while
the regolith of the larger ones such as Vesta contains a
mix of particle sizes, some of which may be as small as
10 pm (Dolifus et al., 1989). Multiple scattering within
the surface is necessary for the reflected light to be po-
larized (Dollfus et al., 1989; Muinonen et al., 2002).
Since a darker surface will absorb more multiply scat-
tered photons than a lighter surface, the details of the
polarization vs. phase angle curve has been empirically
related to the albedo of the asteroid. Indeed, the em-
pirical polarization vs. phase — albedo relationship is a
principal indirect technique to derive asteroid albedos
and, subsequently, diameters (Cellino et al., 1999). Un-
fortunately, the necessary measurements require obser-
vations with a relatively large telescope over a fairly long
time (phase angle).

3.2. Reflected spectral energy distributions

Inferences about surface composition may be drawn
from taxonomic classification in which the different
classes have different low-resolution energy distribu-
tions. Tholen (1984) and Zellner et al. (1985) conducted
one of the first large-scale spectral surveys of asteroids,
the Eight-Color Asteroid Survey, which obtained spec-
trophotometry on 589 asteroids. Shortly thereafter, Bell
et al. (1988) measured ~120 asteroids in 52 narrow
spectral band colors in the near infrared. Tholan and
Barucci (1989) review these and other taxonomies in
early use. The Sloan Digital Sky survey (Ivezi¢ et al.,
2002) has considerable potential for classifying tens of
thousands of small Main-belt asteroids with a taxo-
nomic scheme similar to that of Tedesco et al. (1989).

Matching moderate and high-resolution spectral
shapes to those from material measured in the labora-
tory or detailed matching of the spectral absorption
features is more definitive. Xu et al. (1995) and Bus and
Binzel (2002a,b) recently extended and refined the pre-
vious classifications by creating a feature-based taxon-
omy based on 0.435-0.925 pm CCD spectra taken at
moderate spectral resolution (R ~ 100) on about 1450
asteroids. More than half the asteroids in this small
Main-belt asteroid spectral survey (SMASS) have di-
ameters <20 km; the database also contains spectra on
106 Near-Earth asteroids and >100 Mars crossers
(Binzel et al., 1998). Most of the SMASS asteroids are
broadly classified as S and C but the small asteroids

e
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have more diverse shapes and depths to their absorption
features than large ones. Lazzaro et al. (2001) obtained
similar spectra on ~8000 asteroids, of which Angeli and
Lazzaro (2002) examined the spectra on 22 Mars
crossing asteroids and 12 near Earth asteroids and
classified them using the SMASS taxonomic scheme.

The reflected spectral energy distributions of aster-
oids are matched to laboratory spectra of known min-
erals to deduce the asteroids’ surface composition. The
presence of silicates is revealed in asteroid reflection
spectra by the broad orthophyoxene electronic absorp-
tions near 1 and 2 um and the broad asymmetric ab-
sorption at ~1 um due to three overlapping bands of
olivine (Clark et al., 2002). The 1 pum absorption is a
component of the taxonomic classification of the
SMASS spectra (Bus and Binzel, 2002b). The depth of
this feature appears to depend on the surface charac-
teristics as Binzel et al. (1998) noted an increase of depth
of the feature as a function of diameter of the asteroid.
Binzel et al. (2002) suggested that this trend might be
due to space weathering of the older surfaces of the
larger asteroids as compared to the smaller objects that
have younger surfaces. Subtle silicate mineralogy can be
inferred from the detailed modeling of high resolution
near infrared spectra. For example, Sunshine et al.
(2002) were able to deduce the presence and relative
proportions of high and low calcium pyroxene on the
surface of two asteroids from modeling the relative
shapes of the near infrared features under the assump-
tion that the electronic transition combine in a linear
fashion. Recently Burbine and Binzel (2002) improved
upon the statistics of the observations covering the 1 pm
feature with 0.09 to 1.65 moderate resolution spectra on
151 Main-belt asteroids, a 10% subset of the SMASS
database. Bus and Binzel (2002a) also detected a shallow
band at 0.7 um in a minority (10%) of the asteroids the
measured that is attributed to absorption in oxidized
iron, which is formed through aqueous alteration (Vilas
et al., 1993). If such is indeed the case, the mineral hy-
dration absorption at 3 um is a diagnostic feature (Jones
et al. 1990). Rivkin et al. (2002) review the evidence for
hydrated minerals on asteroids.

4, Characteristics inferred from thermal emission

Theoretically, the texture of the surface may be in-
ferred from the manner in which the spectral energy
distribution of the passive thermal emission and polar-
ization change with solar phase angle and the mineral
composition of the surface may be deduced from the
emission spectra. Simplified thermal models have been
used to derive reasonably accurate asteroid sizes and
albedos. The parameters of these models are empirically
determined but the values say something about the
physical characteristics of the surface. Sub-millimeter

and radio observations provide information of the par-
ticle size and depth of the regolith.

4.1. Disk integrated broad spectral band radiometry

Lebofsky and Spencer (1989) provide an excellent
review of thermal modeling of asteroids, which Harris
and Lagerros (2002) recently updated. Passive thermal
radiation provides clues to the thermal inertia of the
asteroid, the particle size distribution in the regolith, and
the temperature distribution with depth. Hapke and
Hale (2000) note that the passive thermal emission from
an asteroid is described by the simultaneous solution to
three wavelength dependent partial differential equa-
tions that describe:

(1) the radiation transfer of how sunlight is absorbed
and scattered in the upper layers of the regolith;

(2) the radiative transfer that accounts for thermal
emission, absorption and scattering in the upper lay-
ers and;

(3) the temperature distribution describing how heat
is absorbed, transferred and scattered in the upper
layers.

It was realized early on that simple first principle
models failed to account for the observed radiometry of
asteroids. Lebofky et al. (1986) created a semi-empirical
Standard Thermal Model (STM) that assumes that the
asteroid surface is in instantaneous thermal equilibrium
with the sunlight it receives. The radiometry is scaled to
0° phase angle by an empirical phase factor and the sub-
solar temperature, and the consequent temperature
distribution, is adjusted by a beaming factor to bring the
radiometry into agreement with that from asteroids with
well determined diameters that were obtained by direct
measurements. This model was developed for the N
band radiometry near 10 pm and empirical corrections
to measurements at other wavelengths have to be ap-
plied. Tedesco et al. (2002a,b) used this model to derive
the mean diameters of nearly 2300 asteroids with space-
based infrared radiometry and updated albedos for
many of them. The beaming factor has been related to
the thermal inertia of the body, its surface roughness
and cratering (Spencer et al., 1989).

Most asteroids are dark, absorbing much more sun-
light than they reflect and, consequently, efficiently re-
radiate this energy in the infrared. The emissivity of the
relatively small-grained material anticipated to be on the
surface is close to unity and an average wavelength in-
dependent emissivity of 0.9 is usually adopted. The
(model dependent) predicted flux from an asteroid is a
function of the temperature profile across the projected
surface area at the time of observation. The projected
area depends on phase angle of the asteroid and its size,
shape, period and pole of rotation. The temperature
profile is a function of the distance from the Sun,
emissivity, and total fraction of sunlight absorbed, the
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thermal inertia, pole position and rotation rate, surface
roughness and degree of cratering. A complex model,
such as the one developed by Lagerros (1996, 1997a,b)
and Miiller and Lagerros (1998) takes all these param-
eters into account. However, an extensive set of mea-
surements over a large wavelength range, over several
rotation periods and over large phase angle is needed to
sufficiently separate the effects of the various parameters
employed in the models. Miiller and Lagerros (1998)
applied this thermo-physical model to 10 asteroids; three
of these asteroids (1 Ceres, 2 Pallas and 4 Vesta) had
sufficient ground-based radiometry and visual mea-
surements, which defined the geometric parameters, to
derive the thermal inertia, percent of cratering and de-
gree of surface roughness. Model default parameters
were derived from these results and applied to the re-

maining asteroids. The resulting thermal inertial derived

for the 10 asteroids ranged from 20% to 50% that of the
Moon, all objects (except 532 Heculina) were found to
be saturated with craters with quite high values for the
rms surface roughness. Subsequently, Miiller et al.
(1999) added the full spectral range ISO spectroscopy
and photometry of 1 Ceres to the prior information
from ground based measurements given in Miiller and
Lagerros (1998) and rederived the model. The updated
result reduced the fraction of the surface covered by
craters to 60% rather than 100%, and the rms surface
roughness is less by a factor of two. This indicates that
either the wavelength range ISO data is a significant
factor in the modeling, that different starting points in
the non-linear solution of the model in matching the
observations produce different results, or both.
Microwaves can penetrate the surface layers to a few
tens of centimeters. A relatively simple radiative transfer
model is used to deduce the porosity, roughness and the
real and imaginary parts of the dielectric constant. Eight
asteroids have been observed in the radio region from
1.3 mm to 20 cm: the four largest asteroids (Vesta, Ce-
res, Pallas, Hygiea) and four smaller asteroids (Inte-
ramnia, Eunomia, Euphrosyne and Bamberga); Webster
and Johnston (1989) describe these observations and
summarize the results. All the asteroids showed an
abrupt change in the brightness temperature at ~6 mm,
which implies a change in bulk physical properties of
surface at a depth of a few centimeters since as the
longer wavelengths can penetrate more deeply into the
surface. The brightness temperature observed at shorter
wavelengths was consistent with that predicted by a
rapidly rotating asteroid thermal model, while the cen-
timeter values were much cooler (Johnston et al., 1988).
The observations can be fitted by a simple two compo-
nent model with a finely divided surface layer several cm
thick overlying a more compacted or solid layer. How-
ever, the sub-millimeter observations on several aster-
oids by Redman et al. (1990, 1992) indicate a rather cool
brightness temperature between 0.35 and 2 mm. The

higher quality Redman et al. (1992) sub-millimeter
measurements on Vesta are discordant with the John-
ston et al. (1988) value at 2 mm but entirely consistent
with the latter’s results at centimeter wavelengths.
Redman et al. (1992) suggest that the consistently low
brightness temperature from the far infrared to centi-
meter wavelengths is due to scattering by 100 pm and
larger particles in the regolith. The Lagerros thermo-
physical model does not include the radiative transfer in
the regolith. Instead, Miiller and Lagerros (1998) and
Miiller et al. (1999) derived a wavelength dependent
emissivity that declined from the mid-infrared to milli-
meter wavelengths for 1 Ceres and 4 Vesta.

The visual albedo and diameter are coupled in these
models and values for both quantities are derived from
visual and infrared observations. Tedesco (1994) noted
that the well established bright — dark bifurcation of
albedos disappears for the smaller asteroids (D < 40
km); Tedesco et al. (2002a) confirm this finding using a
larger IRAS database of derived albedos and diameters.
Lebofsky et al. (1979) speculated that the discrepancies
they found between the radiometrically derived and the
taxonomic albedos for several small near Earth asteroids
that they observed were due to the objects being small
and, consequently, either had a very thin or no regolith.
We know that this is not the case for Eros. From the
rotation period of asteroids as a function of diameter,
Pravec et al. (2002) deduce that the smaller asteroids are
collisionally derived fragments, mostly either rubble
piles or with shattered interiors. Binzel et al. (1998)
suggested that space weathering can change the surface
reflectivity of an asteroid and that the smaller bodies
have generally younger surfaces and higher albedos.
Thermal models can only account for these discrepan-
cies on a case-by-case basis (Harris and Lagerros, 2002).

4.2. Infrared spectroscopy

The infrared emission spectra from an asteroid sur-
face contain features indicative of the mineral compo-
sition, density, particle size and packing. The features
include the reststrahlen bands, the fundamental
stretching and bending modes of minerals that for sili-
cates lie in the 8-25 um region. These bands combine
linearly in a coarse mixture of various minerals, as do
electronic bands (Thomson and Salisbury, 1993). The
Christiansen features arise from the principle molecular
vibration bands. Classically, the Christiansen frequency
is defined as the frequency at which the real component
of the index of refraction equals one. But, as pointed out
by Hapke and Hale (2000), the maximum emission oc-
curs at a nearby wavelength defined by where the
dominant particle scattering changes from volume to
surface scattering. Christiansen frequencies for typical
rock material occur in the 8-20 um region but grain size
affects the exact wavelength of the peak and the shape
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and breadth of the feature. VanTassel and Short (1964)
found that finely powdered material shows weak infra-
red spectral signature compared to coarser material,
becoming barely discernible when the particles are the
size of sand. This suggest that the contrast in the
Christiansen bands might be greater for the smaller as-
teroids, if their surfaces do, indeed, have little or no
regolith. The volume scattering function for fine particle
on the surface exhibits a “transparency”’ or emission
trough between the fundamental stretching and vibra-
tional modes of silicates. The volume scattering features
that arise from the smaller particles combine non-line-
arly (Salisbury and Wald, 1992).

Sprague (2000) gives a comprehensive review of mid-
IR spectroscopy in the literature as of the summer of
1999. Spectra from the Infrared Space Observatory
(ISO) have recently been published. ISO PHOT-S 2.4-
11.6 pm spectra were obtained on 21 asteroids at a
resolution (R = A/A%) of 85 to 95. By comparing the
PHT-S spectra of five bright Main-belt asteroids with
those of laboratory samples, Dotto et al. (2000) deduced
that silicate minerals are present on the surfaces of all
five asteroids and more tenuous mineralogical associa-
tions made with five fainter objects (Dotto et al., 2002).
However, as Hapke and Hale (2000) point out, the low
contrast of the reststrahlen bands in the disk integrated,
low-resolution infrared spectrum makes it difficult to
determine the composition. On the other hand, the high
resolution (R ~ 1100) Short Wavelength Spectrometer
(SWS) spectra of 4 Vesta obtained by Heras et al. (2000)
was able to be resolved rotational lines of olivine and
pyroxene silicates on the surface. Heras et al. (2000)
determined that these minerals are segregated on its
surface.

The Low Resolution Spectrometer (LRS) on the In-
frared Satellite (IRAS) obtained the largest collection of
asteroid spectra (Walker and Cohen, 2002). Walker
(private communication) found indications that the LRS
spectral details depended on taxonomic class but could
not make a definitive assessment owing to the lack of an
adequate thermal (physical) model that would simulta-
neously fit all the IRAS mid to far infrared photometry.
Unfortunately, the exact location and shape of the fea-
tures in both the LRS and PHT-S asteroid spectra are
dependent on the model used to ratio out the asteroid’s
continuum emission.

5. Conclusions

Asteroids and their surfaces are shaped by their hi-
story of impact with other asteroids and meteorites.
These bodies are heavily cratered and, frequently, the
smaller bodies are quite irregular. Grooves, ridges and
lines of pits on the few asteroids on which resolved
imagery has been obtained testify as to the coherence of

these bodies. On the other hand, although the bulk
densities, where known, indicate that the largest objects
are reasonable solid, the macro-porosity of smaller as-
teroids ranges from about 20% to 70%. Certainly objects
with the higher macro-porosities are candidates for be-
ing rubble piles. A small number of asteroids can be
logically linked through dynamic and spectral evidence
to specific classes of meteorites while general associa-
tions between asteroid taxonomic classes and types of
meteorites have been made. Thus, pieces of specific as-
teroids or analogs are available for detailed analyses.
The regolith of loose material on the surface ranges
from depths of centimeter in scale for the smaller objects
for which reasonable inferences can be made to meters
for the large bodies.

The silicates olivine and pyroxene have been unam-
biguously identified on the surfaces of many asteroids by
their characteristic visual and infrared spectral signa-
tures. A strong case has been made for the presence of
hydrated silicates on low albedo objects. The hydration
signature also shows up in the spectra of the M class
asteroids, where it is unexpected (Rivkin et al., 2002).
Detailed visual and infrared spectral and photometric
observations of 4 Vesta show that the surface is varie-
gated with the ratio of pyroxene and olivine dependent
of position. The NEAR/Shoemaker mission obtained
detailed mapping of the surface composition of Eros by
optical, near infrared and gamma spectroscopy.

Surface resolved imagery is available on only about
half a dozen small bodies in the solar system. Radar
images have been derived for about a dozen objects,
mostly near-Earth asteroids; however, the radar images
are model dependent. Inference as to the surface prop-
erties for most of the asteroids has to come from disk
integrated remote sensing. The observed surface
brightness of asteroids depends on the optical properties
of the particles on the surface, by the manner in which
the individual particles scatter the radiation and how
radiation is scattered between the particles on the sur-
face. Visible and infrared observations over a large
phase angle and, for the thermal emission, over a large
span of wavelengths provide information on the mean
particle size and depth of the regolith, its roughness,
thermal inertia and degree of cratering. To back these
quantities out of the measurements, a model is required
that takes into detailed account the radiative transfer of
how sunlight is absorbed and scattered in the upper
layers of the regolith, of the thermal emission, absorp-
tion and scattering in the upper layers and the temper-
ature distribution that results from heat being absorbed,
transferred and scattered in the upper layers. Errors or
uncertainties in the pole and period of rotation and
specific (triaxial) shape of the asteroid render the mod-
eled surface properties uncertain.

The most accurate assessment of what an asteroid
surface looks like is by direct imaging, preferably by a
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rendezvous mission such as NEAR. The only experi-
ment currently manifested to perform such a detailed
study is MUSES-C, which was launched in 2003. This
Japanese engineering mission is designed to demonstrate
enabling space technologies such as autonomous navi-
gation and electric propulsion. It will also rendezvous
with the near-Earth asteroid 1998 SF36 and after an
extensive mapping program, obtain a few grams of
surface material and return them to Earth in 2006
(Fujiwara et al., 1999). Future NASA sponsored sample
return missions are outlined in the NRC Solar System
Exploration Survey (The Future of Solar System Ex-
ploration 2003-2013, Astron. Soc. Pac. Conf. Ser. 272).
More advanced concepts are in situ assay/geology mis-
sions such as described by Heubner and Greenberg
(2001). However, such missions are expensive and,
consequently, rare. The disk resolved images that we
now have, and the in situ data gathered from future
missions provide the truth information with which to
constrain and improve models used to interpret remote
sensing observations. Observations over a number of
rotation periods are needed to fix the pole and period of
rotation and constrain the shape of the asteroid, quan-
tities that are needed to accurately obtain the variation
of brightness with phase angle that characterizes the
surface. Measuring the visual and infrared variation
over as large a phase angle as possible is needed to
separate contributions of the surface conditions in the
model. Thus, a healthy remote sensing program could
expand our knowledge of the surface conditions on
asteroids. Infrared spectrometry and photometry by
the Space Infrared Telescope Facility would be highly
productive.
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